We use a hybrid method that combines the Multiparticle collision dynamics (MPCD) for solvent particles with the molecular dynamics for equilibrium polymers to simulate the shearing of the equilibrium polymers (or Wormlike micelles) at a mesoscopic length scale. The MPCD method incorporates the hydrodynamic interaction with the polymeric chains. We show successful implementation of the method on the model equilibrium polymers (or Wormlike micelles) and observe that the order of the Iso-Nem transition of the polymeric system is affected by the shear rate. Moreover, the chains of the equilibrium polymers first increase in their average length with the increase in shear rate but then show a decrease in their average length after crossing a particular value of the shear rate which shows the breaking of chains due to shear stress when their nematic order remains unchanged. This model and method can be further used to investigate the shear banding in Wormlike micelles or other interesting properties of such systems.
I. INTRODUCTION
The equilibrium, non-equilibrium and dynamic behaviour of flexible, semi-flexible or rod-like polymers are strongly affected by the flow fields. They show large deformations and strong alignment under shear flow conditions [1] [2] [3] [4] [5] [6] . The case of rod-like polymers is easier to study experimentally because of their large anisotropy as well as theoretically by including only translational and rotational motions [7] . However, including the hydrodynamic interactions is not always possible in theoretical studies. This field lacks a systematic study of the effect of hydrodynamic interactions on rods in dilute solutions in shear flow.
Including the conformational properties of flexible or semi-flexible polymers in analytical studies adds to the complexity of the analysis. Moreover, the inadequate inclusion of hydrodynamic properties has been a longstanding problem in analytical studies. Various techniques have been used to study the orientation and deformation of such molecules e.g. light scattering and neutron scattering, flow birefringence and non-equilibrium dynamics simulations [8] [9] [10] [11] [12] [13] [14] [15] . The molecular dynamics simulations are able to implement hydrodynamic interactions successfully. However, the unnecessary evaluation of the solvent dynamics on colloidal or polymer length scales is a huge cost in time. Therefore, to bridge the gap between the large length and time scales, a coarsegrained simplified description of the solvent dynamics is used. e.g. lattice-gas, lattice-Boltzmann or multiparticle collision dynamics (MPCD) [15] [16] [17] .
The multiparticle collision dynamics has been success- * mubeena@students.iiserpune.ac.in fully implemented to study the non-equilibrium properties of colloids [18, 19] , polymers [4, [20] [21] [22] , cells [23, 24] and vesicles [25] in flow fields. In this paper, we study the effect of shear flow on equilibrium polymers (or Wormlike micelles) by using a hybrid simulation approach that combines the Molecular Dynamics (MD) simulations for polymers with the MPCD technique for solvent particles. We show that for the equilibrium polymeric system that undergoes an Isotropic-Nematic transition with an increase in its density, the effect of shear is to change the order of transition. The change in the Iso-Nem transition is abrupt for lower values of shear rates but the steepness of the slope at the transition decreases as the shear rate increases. Moreover, it is also shown that the polymeric chains first show an increase in their chain length and nematic order parameter with an increase in shear rate but then the chains start breaking after a particular value of shear rate when no further change in alignment is noted. Thus, we show a successful implementation of the hybrid method on the system of Wormlike micelles (or equilibrium polymers) undergoing shear flow. This method can be further used to investigate the interesting properties of the Wormlike micellar systems viz. shear thinning, shear thickening or shear banding.
II. MODEL AND METHOD

A. modelling equilibrium polymers
We use a coarse-grained model of equilibrium polymers (or Wormlike micelles) that has been used in our earlier studies [26] [27] [28] [29] . In this model, the following three potentials are used to form the Wormlike micelles or equilibrium polymers.
(1) V 2 : Two body attractive L-J potential modified by an exponential term.
where, r 2 is the distance between monomers. The exponential term creates a potential barrier at r 2 = 1.75σ for breaking (joining) the monomers from (to) a chain. We keep ǫ = 110k B T , the cutoff distance r c = 2.5σ, ǫ 1 = 1.34ǫ and a = 1.72.
(2) V 3 : Three body potential to model semiflexibility of chains. For any 3 monomers with a central monomer bonded with two other monomers at a distance r 2 and r 3 and forming an angle theta at the central monomer, the following 3body potential adds the semiflexibility to the chains,
where, ǫ 3 = 6075k B T , and the cutoff distance σ 3 = 1.5σ. To avoid branching, a four body potential is used to repel any chain trying to form a branch,
where, r 2 and r 3 are the distances of the two bonded monomers from the central monomer in a chain and r 4 is the distance from the monomer attached to the other chain that needs to be repelled. This is a shifted L-J potential with only the positive part. The cutoff distance for this potential σ 4 is chosen such that σ 3 < σ 4 < r c and is fixed at σ 4 = 1.75σ. This model has been already used to show the Iso-Nem transition and the exponential length distribution of the polymeric chains confirming the characteristic properties of the Wormlike micellar/equilibrium polymeric system. Please refer [26, 27] for a detailed description of the model and its successful implementation.
III. METHOD:
We use Molecular dynamic (MD) method to evolve equilibrium polymers and is coupled with the MPCD technique to simulate the hydrodynamic effect. The solvent is composed of N s point particles of mass m s interacting with each other by a stochastic process. The MPCD technique to simulate solvent particles consists of two steps: streaming step and collision step. In the streaming step, the position of a particle i at any time t, with a velocityv i (t) is updated to a time t+h according to,r
In the collision step, the simulation box is divided into cubic cells of length a and the particles are sorted into these cells. The centre of mass velocity in each cell is calculated and the relative velocities of particles with respect to the centre of mass velocity of the cell are rotated around a randomly oriented axis by an angle of 130
• .
where,R(α),Ē andv cm are the rotation matrix, the unit matrix and the centre of mass velocity of the cell in which the particle is present. Here, α = 130
• . The effect of hydrodynamic on the polymers is taken into account by including polymers in the collision step. Therefore, in a collision cell c with N c m monomers of mass m m and N c s solvent particles of mass m s , the centre of mass velocity is calculated to be, 
At every collision step, a random shift is performed to ensure the Galilean invariance. It is ensured that the mass and momentum is conserved in the collision step. The shear flow is imposed using Lees-Edwards boundary conditions along the y-direction. The shear flow is applied by two oppositely moving planes aligned with the x-z plane. A no-slip boundary or a bounce back condition ensures that the veloicty of any particle (monomer or solvent) colliding with the wall is reverted.
The fluid temperature is maintained by using a local Maxwellian thermostat. We fix k B T = 1. With the parameters k B T = 1, collision time h = 0.1, m s = 1 and collision cell size a = 1, the shear viscosity yields the value of 8.7.
The equilibrium polymers are evolved using Molecular Dynamics(MD) simulations. For each collision step h, the molecular dynamics to evolve polymers is called for h/h p steps with h p = 0.002.
The diameter of monomers σ = 1 is chosen as the unit of length in this paper. The simulation box is a cubic one with dimensions 30 × 30 × 30σ 3 . The monomer number density is denoted by ρ m σ −3 which depicts the number of monomers in a simulation box. The solvent particle density is kept to be 10 particles per unit collision cell with the mass of the particle m s = 1.
The length and time are scaled according tor = r/a andt = t k B T /m s a 2 .
The monomer number density and the shear rate is varied and the corresponding changes are observed which are presented in the next section. The transition point gets shifted to lower value of density with increase in the shear rate. Moreover, the steepness of the slope at the transition is higher for lower shear rates.
IV. RESULTS ::
The method has been first checked by applying walls along x-z plane and providing a force in the x-direction. Rejecting first few thousand runs and then averaging over next 10 5 runs, a velocity profile is generated. The component of velocities along the x-axis are plotted against y-direction and it generated a Poiseuille profile. The velocity profile has a small wall slip with just a bounceback condition. When phantom particles are taken into account in the wall, the wall slip is removed. Now the walls are replaced with the Lees-Edwards boundary conditions to generate a shear flow. The velocity profile for the shear flow is shown in Fig. 1 for a shear rate of 0.02τ −1 in a 10 × 10 × 10σ 3 simulation box. Thus, the Poiseuille profile and the shear profile con- 3 box subjected to the shear with a rate of 0.002τ −1 with two different monomer densities in the box (a) ρm = 0.059σ −3 and (b) ρm = 0.148σ −3 . With increase in the density of micelles the micellar nematic order parameter is seen to be increasing and producing an aligned phase of micelles at a higher density. Moreover, with increase in the density the average length of micellar chains also increases.
FIG. 4.
The figure shows two snapshots of Wormlike micelles subjected to the shear rate of 0.0009τ −1 with monomer number densities (a) 0.059σ −3 and (b) 0.148σ −3 . With increase in the value of monomer density, the average length and the nematic order parameter of micellar chains increases as shown in the graphs of Fig.2 firms the method used. Now, we include the monomers in the simulation box and using the hybrid method (coupling molecular dynamics for monomers with multiparticle collision dynamics) shear the equilibrium polymers in an MPCD fluid. The shear rate is varied from 0.00008τ
to 0.002τ −1 . For each value of shear rate, the monomer number density ρ m is also varied and the changes in the average nematic order parameter < S > and the average length of the polymeric chains < L > are calculated. The average nematic order parameter is the measure of the alignment of polymeric chains and is calculated by taking the average of cos 2 θ where θ is the angle that polymeric chains make with the aligning axis.
These results are shown in Fig. 2(a) and (b) . The nematic order parameter in Fig.2(a) shows an abrupt change in its value as the monomer number density is increased, only for low values of shear rates: shear rate=0.00008τ −1 and shear rate=0.0001τ −1 . These abrupt changes correspond to the Isotropic-Nematic transitions. As the shear rate increases further, the tran- sition becomes more and more continuous. Thus, the effect of shear rate here is to change the order of the transition. Similar observations are shown in Fig.2(b) where the average length of the polymeric chains is shown. Moreover, the transition points get shifted to lower values of ρ m as the shear rate increases. These results are confirmed by observing the snapshots of the polymers. Two of the snapshots are shown in Fig.3 .The red particles indicate the monomers. The fig.3 shows the snapshots for two different values of ρ m : (a) 0.059σ −3 and (b) 0.148σ −3 with the shear rate fixed at 0.002τ −1 . It can be clearly seen that the polymeric chains are smaller and in the isotropic state for lower monomer density in (a) while the polymeric chains in figure(b) have a higher chain length and aligned with each other. Figure  4 shows one more set of snapshots for the same densities considered in fig.3 but for shear rate= 0.0009τ −1 . Comparing the Figs.3 and 4 , we observe that snapshots with same monomer densities show longer chains and higher nematic ordering for lower shear rates.
It is also noted for other values of ρ m that the average length increases with an increase in the shear rate but then decreases with further increase in shear rate beyond the isotropic-nematic transition point. This can be observed directly in Fig.2 but easier to observe by plotting these parameters v/s shear rates. This is shown in Fig.5 (a) < S > and (b) < L > plotted against shear rates for different values of monomer number densities ρ m . For each value of ρ m , the order parameter in figure(a) can be seen to be increasing with increase in shear rate and then shows a constant value when the polymers are well aligned with each other and < S > gets saturated. It can be seen in (b) that the average length increases with an increase in shear rate but shows a decrease in its value with further increase in shear rate after a particular value of shear rate. This indicates that the polymeric chains join with each other and increases in their length with an increase in the shear rate for the lower value of shear rates. However, after a particular value of shear rate, the polymeric chains start breaking due to shear stress.
